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FOREWORD
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TRW, Inc., and has been assigned TRW Report Number
4768.67-006. It is submitted in accordance with
the provisions of Contract F04611-67-C-0105.

The Phase I effort was conducted during the per-
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served as Air Force Program Monitor. The TRW Program
Manager was Mr. B. J. Matthews. Dr. R. F. Wuerker of
TRW's Physical Electronics Laboratory directed the
holography research and experimentation. A signifi-
cant portion of the literature search together with
the spark photographic studies was accomplished under
a TRW subcontract to Princeton University. This work
was directed by Mr. D. T. Harrje of the University's
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Air Force approval of the report's findings or con-
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ABSTRACT

A study and experimental program is being conducted which involves
the detection and analysis of size distributions of droplets associated
with the injection process in liquid propellant rocket engines. Program
objectives are to: (1) Determine, through a review of the literature,
applicable methods of detecting and recording rocket injector droplet
spray distributions; (2) Demonstrate feasibility of experimental tech-
niques selected from the literature using cold flow propellant simulants;
and, (3) Improve the methods of data reduction such that large quantities

of droplet data may be reduced economically.

The program is divided into two phases. Phase 1 is primarily de-
voted to a review of the literature for applicable spray measuring and
data reduction techniques. A limited amount of experimentation is in-
cluded in this phase to assist in the evaluation of the various techniques
and methods under consideration. Phase II is concerned with the design,
assembly and feasibility demonstration of the droplet detection techniques
selected as a result of the Phase I effort. Development of a comp;tiblc
droplet data reduction method will comprise an integral portion of the

second phase effort.

This report reviews the Phase I activities during the period 1 May
throuzh 30 August 1967. Candidate droplet detection techniques and data
reduction methods are discussed in context with program objectives and
evaluation criteria. Particular attention is given to the application
of holography to droplet detection and the results of preliminary holo-
graphic experiments are indicated. Conclusions are presented based upon
the results of the literature review end the Phase I experimentation. A

program plan for the second phase is outlined.
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1. INTRODUCTION

A knowledge of the drop size distribution within a liquid propellant
rocket engine is extremely valuable from the standpoint of understanding
the combustion phenomena. A rumber of experimental and theoretical investi-
gations emphasize the importance of droplet size and distribution with re-
gard to performance and stability. Consequently, many studies of the atom-
ization and vaporization processes have been conducted. In spite of these
numerous studies, the state of our knowledge is such that it is still dif-
ficult to predict rates of vaporization of sprays for a given type of
injector, propellant combinatior and combinations of operating conditions.
This is largely due to incomplete information regarding drop size distri-

butions from the various bipropellant injectors currently in use.

The atomization of a liquid jet into drops is a complex process in

which interrelated aerodynamic and hydrodynamic effects come into play.
The action of gas friction and pressure causes the deformation of drops
and ligaments which subsequently break up in the relative airflow. It
seems generally agreed that this always occurs, regardless of whether the
1liquid enters still air at high speed, or whether a low speed jet inter-
acts with a faster gas flow. Studies have resulted in the experimental
confirmation of theoretical relations that predict the life history of

single drops of various liquids, subjected to an atmosphere of various tem-

peratures, pressures, and velocities. The accuracy of the predictions for
the sizes studied (500 to 5000 microns diameter) was nearlv as great as
the accuracy with which the physical properties are known. Yet, in the
study of small drop (10 to 100 mnicrons diameter) breakup, there appear to

be substantial gaps in our knowledge.

In an effort to gain additional understanding and knowledge in the
critical area of small drop formulation, a two-phase program "Small Droplet
Measuring Technique', was initiated under the sponsorship of the Air Force
Rocket Propulsion Laboratory. This report contains a description of the
study and experimental activities accomplished during Phase 1 of the pro-

gram. A summary of these activities is jresented in Section 2.




A significant portion of the study effort was devoted to a review of
the literature for applicable small droplet detection methods. The re-
sults of the literature survey are discussed in Section 3. The supporting
experimental work is reported in Section 4. Conclusions are drawn from
the work accomplished in this phase of the program and recommendations
are made regarding the activities to be conducted during Phase II. The

recommendations for Phase II are in the form of a general outline as pre-

scribed by contractual requirements.




2. SUMMARY OF TECHNICAL ACTIVITI&S

2.1 GENERAL

Phase I of the Small Droplet Measuring Technique Program was initiated
on 1 May 1967, and concluded on 30 August 1967. During this 4-month period,
the technical effort was divided into two main tasks. The first task was
to review and evaluate candidate methods of uetecting and recording size
distributions of droplets associated with liquid rocket engines. The
second task was the conduct of experimental studies designed to augment

the literature search and assist in the evaluation process.

2.2 LITERATURE SURVEY

Literature survey activities were subdivided between TRW Systems and
Princeton University. A subcontract was issued to Princeton authorizing
a rather broad review and evaluation of the various small droplet detec-
tion methods excluding only laser holography. TRW Systems assumed re-
sponsibility for reviewing published information available on laser
holography and related topics as they might apply to small droplet detection.

Midway through Phase I, an Air Force/TRW program review resulted in
more emphasis being placnd upon experimental efforts. Correspondingly,
the scope of the literature survey was narrowed and consideration was

given to seven basic droplet detection techniques:
® Electrical and Electronic Systems
e Deposition and Collection Methods
e Light Scattering Techniques
e Fluorescent Photography
e Streak Photography
e Spark Shadowgraphs
e Laser Holography

In the process of executing the literature survey, several hundred

documents were cataloged. Over 100 of the more pertinent documents were




abstracted. A total of 61 were considered as major references in relation

to this program and appear in a bibiiography at the end of this report.

The major references were reviewed in depth. As part of the review,
2n assessment of the respective technique was made. This assessment or
evaluation was based upon engineering judgement, prior first-hand
experience, and a set of criteria imposed by contractual requirements.

The criteria are presented in Section 3 of this report.

Another facet of the literature survey was a review of possible elec-
tronic data reduction and processing techniques for small droplet infor-
mation. In this respect, the "flying-spot" scanner is reviewed. This
information, together with a synopsis of each of the seven droplet detec-

tion methods is presented in Section 3.

2.3 EXPERIMENTAL STUDIES

The experimental studies initiated during Phase I were designed to
support the evaluation of the various techniques determined from the
literature. The work was (ivided into three parts: 1) Laser holographic
experiments, 2) Spark photographic studies, and 3) Development of a com-

puter-based fiber optics data reduction technique.

The pulsed ruby laser holographic experiments were conducted by TRW
Systems. A series of 36 holograms was made using like-on-like, impinging
stream injector elements flowing distilled water. These tests demonstrated

the feasibility of applying pulsed laser holography to small droplet

detection.

Consideration was also given to the possibility of developing a holo-
graphic technique for distinguishing between two colors. The object was
to provide a method of determining local mixture ratio conditions using
simulated propellants. Experimental efforts were not completed during

Phase I. Work was initiated, however, and a method of accomplishing this

objective is presented.

A portion of the subcontract to Princeton provided for demonstration

of an improved spark photographic system and the initiation of work on a




computer-based, fiber optics data reduction system. The improved spark

photographic system incorporated an increased spark (light) intensity level

and a Kerr cell shutter to effect 50-nanosecond light pulses.

The spark photographic optical system was readied for the test pro-
gram. The required Kerr cell was not available, however, and consequently

the test series had to be postponed.

The electronic data reduction system being developed by Princeton is
nearing completion. A mechanical scanning device was fabricated to accom-
modate the 10-micron fiber optics array used in the sensing of droplet
images on a photographic negative. Difficulties have been experienced in
the assembly of the delicate glass fibers; however, continued experimen-

tation has led to a bonding technique which appears feasible.

A computer program was devised to accept data input from the fiber
optics scanning mechanism and provide suitable droplet data reduction.
The computer program was verified using a set of cards containing simulated

droplet data.




3. LITERATURE SURVEY

3.1 INTRODUCTION

The literature on droplet spray analysis is extremely large and diver-
sified. It extends, for instance, from aerosol sprays to liquid rockets to
meteorology. A complete review of all aspects of droplet spray literature

during Phase I was, of course, beyond the program scope.

The literature survey conducted during Phase I was directed toward two
areas of primary interest. The first was a review of applicable state-of-
the-art methods of droplet detection. By definition, "applicable" droplet
detection methods are those techniques which might be compatible with the
program evaluation criteria cited in Section 3.2 of this report. State of
the art implies that feasibility of a given technique has been demonstrated
and reported in the literature or — as in the case of pulsed laser holo-
graphy — sufficient experimental work was accomplished during Phase I to

permit evaluation.

A second area of interest centered about reviewing the literature for
methods of automated droplet data reduction and processing. Any method
considered would, of course, have to be compatible with the primary droplet
detection system and also be rapid and economical. Comment on this aspect

of the literature is provided in Section 3.3.1.

A total of six basic techniques (excluding laser holography) of de-
tecting and recording droplets were considered as a result of the general

literature survey. These techniques are:

Electrical and Electronic Systems
Deposition and Collection Methods
Light Scattering Techniques
Fluorescent Photography

Streak Photography

Spark Shadowgraphs

Each technique is subsequently treated in summary form in context with

the program evaluation criteria.
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The employment of laser technology to the problem of detecting droplet

spray distributions was of specific interest during Phase I. A separate
literature survey was unﬁertaken to explore related work being conducted in
this specialized field. For this reason, and because the technique appears
to offer considerable promise, a more detailed review is presented. This

information is contained in Seztion 3.4.

3.2 EVALUATION CRITERIA

Specific long-term objectives were stipulated at the start of the
program. These specific objectives, which become evaluation criteria
when reviewing candidate droplet detection techniques, state that appli-
cable droplet detection methods should be:

e Able to measure droplets having a 10-micron to SOO-micron
diameter with a 10 percent maximum error at the low-size
range

e Able to measure the distribution at any location across a
typical 6-inch diameter injector, as well as any position
axially from the injector face onward

e Able to make the measurements specified above at droplet
flux levels typical of engines operatinf at 3000 p,ia
chamber pressure (order of magnitude 101l drops/in® sec)

e Able to distinguish between fuel simulant droplets and
oxidizer simulant droplets (cold flow) when both are
flowing simultaneously

e Potentially applicable to rocket engine firings.

In Reference 1, J. D. Lewis has set forth some ideal droplet detection
system requirements. In part, he suggests that the ideal detection and
recording system should:

e Not disturb the spray pattern or atomization mechanism

e Be able to sample at various times and at various points
in a given space

e Not be restrictive as to the choice of liquids employed
e Not be restrictive with regard to ambient test conditions
e Apply to all ranges of flow, velocity and dispersion

e Provide a permanent record




To the preceding lists, one might add the consideration of initial and
operating costs. For instance, if these costs are prohibitive there is
little merit to the system regardless of other salient features. Unfortun-
ately, there is little in the literature indicating absolute or relative
cost of one system versus another. If laboratory studies of limited scope
are to be made, an extremely sophisticated and costly droplet data acqui-
sition system may not be justifiable. Conversely, the ultimate application
of a sophisticated system to production injector acceptance test operations,
or to an elaborate and continuing cowbustion stability program, may warrant

a significant investment in equipment.

A detailed assessment of the initial and operating cost aspects for

the various techniques under consideration is beyond the scope of this

literature review. However, a summary chart presented at the conclusion of

this section includes an estimate of the relative costs associated with each

system. This ectimate is done with the assignment of a "relative cost factor."
The relative cost factor was estimated by comparing each technique with the

. spark photographic method. T method (assigned a base number of 1.0) was

£ arbitrarily selected as a well established and convenient reference. The
numbers presented are considered only as a guide in the comparison of one
system to another. Certainly all technical and financial factors that may

be involved must be carefully ccnsidered for each individual application.
3.3 GENERAL LITERATURE SURVEY

3.3.1 Electrical and Electronic 3ystems

The first criterion of droplet measurements from 10 to 500 micron

diameter would appear to be met by tie droplet mobility measuring system

described in the Whitby paper (Reference 2). This system employs a prube

technique (the droplets pass through a device in which an electrical field
has been established) and is utilized to measure aerosol spray droplets in
the order of 1 micron or less in diameter. The measurement of aerosol-size
droplets depends on the ability to reduce background currents to less than
e 10-14 amperes. The significance of these values is that this technique
has been applied to these extremely small droplets where charge limitations
would be expected to pose the major problem -- hence, the use of this

approach to measure 10 micron diameter droplets should be less critical in




such a "laboratory" environment. Questions remain, however, as to the
achievement of such favorable signal-to-noise ratios in a simuleted rocket
environment. Also, this probing technique cannot be considered as ultimately

appropriate to the hot firing situation.

Concerning the problem of differentiation between fuel and oxidizer .
particles, this has been attempted in Reference 3, although no final con-
clusions could be reached due to limitations of the auxiliary electronic
apparatus. Further, the probe would interfere with the local droplet
samples. This is particularly the case for the very small droplets which

would be discriminated against due to inertial effects.

The Gardiner paper (Reference 4) cites extremely high sampling rates
(200,000 drops per linute).* The same disadvantages are present here as
in the Whitby paper. It seems that the removal of the liquid from the

charge wire is the greatest single difficulty. Such collection influences

11 drop/ -

the characteristics of the probe. If we use the design point of 10
in2 sec., and assume the probe only takes up .01 inz, we find that the .
high sampling rates quoted above fall short of the requirement by approxi- &
mately 7 orders of magnitude. Thus, achieving this requirement would )

appear doubtful.

Fisher and Rojec present their work in developing and demonstrating
an electronic probe to measure drop size distributions in Reference 5.
They developed a system employing an electrometer probe to intercept
charged moving droplets. The extent of the charge exchanged with a given
droplet and the probe was related to the size of the droplet. Droplet
diameters of less than 200 microns were successfully measured. It was
also postulated that droplet diameters of less than 100 microns could be
measured. However, this type of probing apparatus would certainly not
be compatible with actual rocket combustion environments or cold flow

studies near the injector.

* This is for charged particles falling on a detecting wire.
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In summary, the application of existing electronic systems to droplet
detection offers the potential of measuring very small droplet diameters
(down to 1 micron) and the development of high sampling rates. The
ultimate use of these techniques in the detection of burning droplets in a

rocket engine combustion environment does not appear feasible.

Another factor in the analysis of droplet sprays is the final data
reduction. Included in this category are the electronic analyzers
(References 6 and 7). Much literature references the Mullard Automatic
Counter and Sizer. This is a "flying-spot' scanner with a resolution of
1000 points across the tube. This technique cannot cover a 35 mm film
frame to the desired accuracy, so that small sections must be done by
photographic enlargement. The scanner is fast; however, resolution is a

problem with this type o’ device.

The errors inherent in such scanners are an accumulation of error.
For example, noise in the electronic beam deflector can shift an entire
line or even a set of lines since the positioning circuitry is essentially
an integrator. In a mechanical lead screw device, noise (dust) provides
only a momentary error which would be corrected as the noise source was
passed. The Mullard Scanner does have a useful desizn feature (adjacent
line storage) which allows some logical decisions to be made on droplet
slope. By this means, noise effects are reduced. If the resolution
(raster) could be increased 3.5 times, 10 micron droplets could be measured
on a 35 mm frame. This would require a minimum raster of 3500 points across
the scanner tube. This figure appears to be near the limits of tech-
nology at this time (a 2000 point raster was attained for bubble chamber
analysis within the last 18 months).

Although the flying-spot scanner would not cover a 35 mm frame to the
required accuracy, it is used very effectively on smaller samples. A very
good example of the use of such a device for high volume analysis is
found in a paper by Ledley and Ruddle (Reference 8). The paper presents

a method of examining individual chromosomes for abnormalities.

10




3.3.2 Deposition and Collection Methods

One of the most accurate methods of size determination 13 a method of
examining the actual droplets at one's leisure. By simply collecting the
droplets on a slide or by freezing them, the droplets may be examined by
precision microscopes without concern about the optical systems requir.d
for photography of droplets. This microscopic inspection is a manual

operation and certainly not suited for large numbers of droplets. Ref-

erence } cites the use of sieves to rapidly classify droplet sizes; however,

the lack of availability of sieves smaller than 37 microns necessitated a
return to the microscope. A good review of this subject may be found in

Chapter 4 of Reference 9, as well as the references cited in Reference 3.

The basic difficulties are ones of sampling (mechanical shutters
have been used), choice of simulants (wax is often employed) and possi-
bility of coalescence of liquid droplets during the freezing period.
These methods, although accurate, do not satisfy most of the program ob-
jectives. Specifically, the technique is not applicable to rocket engine
firings; coalescence becomes a major problem at high flux densities, and
the final frozen droplets are a strong function of the freezing process
and hence cannot mirror the changing conditions in a real combustion

environment.

3.3.3 Light Scattering Techniques

The Battelle report, cited in the preceding paragraph, has a section
in Chapter 4 on light scattering and absorption. At one time, there was
some hope that measurement of scattered light would provide particle size
distribution. Actually, the resulting diffraction patterns yield an aver-
age D32 (Sauter Mean Diameter) for the droplet field. This is sufficient
for steady-state combustion studies but fails to meet the small droplet
size criteria of the present program. If only a D32 value is determined
from the spray, whether from individual droplet counts or through the use
of the light scattering technique, the importance of the small droplets

can be easily overlcoked, as stated in Reference 10.

Further lirvitations of the light scattering technique in regard to
its applicability to the analysis of rocket injection sprays is its sen-

11
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sitivity to change in refractive index of the surrounding medium. It has

already been shown in hot firing engine tests at Princeton University that
almost insurmountable difficulties exist in separating the refractive
scattering from the diffractive scattering with conventional light sources.
The former is due to random fluctuations in the gas movement surrounding
the spray. For the same reason, the extension of the light scattering
technqiue to rapidly vaporized propellants is deemed questionable.

3.3.4 Fluorescent Photography

/. technique which wou:1d appear interesting is fluoresceat photography

of the droplets. Reference 1l presents the basic techniques of fluorescent

droplet photography using a Q-switched laser as a light source.

By the use of a planar slab of excitation radiation, it is possible
to sample at precisely known positions in the droplet spray. An advantage
over some terliniques 1is the possibility of differentiation between fuel
and oxidizer through the use of color film (the two liquids could be made
to fluoresce in different spectral regions). The problems involved in re-
liably interpreting color gradation, and in a:hieving data reproducibility,
would have to be carefully studied. Another unknown factor is the effect
of adding dyes to the propellants. This could be unnecessary if an ex-
citation source could be found to cause fluorescence in a fuel and oxidizer

(providing that it is possible for them to fluoresce).

One problem area did become appareat in the work reported in Refer-
ence 12. It was found that when the full intensity (flux about .5 joule
over a 50 nsec. duration) of the laser light reached a suspended drop,
there was evidence of droplet destruction. At lower intensities, vapor
was generated on the sides of droplets that were laser illuminated. This
of course would violate the first principle cited by J. D. Lewis in Ref-
erence 1. To make use of this technique in a rocket environment would
appear to require a rather extensive and perhaps costly study of fluores-
cent properties of liquid propellants and additives as well as the photo- i

graphic techniques.




3.3.5 Streak Photography

Streak photographs of droplet sprays are obtained by moving film at
right angles to a slit (the slit lies along the flow axis), and recording
both size and velocity of droplets as streaks of varying thickness and
inclination on the film. Difficulties arise in th:s technique in the de-
tection of a single large droplet versus groups of smaller drops passing

over the slit.

In the streak record provided by a moving droplet, the center is more
dense than the edges, making it even more difficult to analyze size. This
1s especially true if the droplet is changing shape with time. Problems
of depth of field and whether or not the lighting is coherent can further
complicate the analysis of such droplet streak records. In brief, such
records can only be looked upon as qualitative records of droplet size
distributions with only remote possibilities of deriving size-versus-
position data for representative droplets and even then not droplets in

the 10 micron size range.

3.3.6 Spark Shadowgraphs

It has been known for years that a capacitor discharged through an
arc produces a short-duration, high-intensity light. This light source
has been used for recording droplets on film with only a small amount of
movement of the droplet during exposure. A camera is used to record the
light so that there is a definite limit to the volume which may be sampled.

Droplet diameters as small as 10 microns have been measured at
Princeton (Reference 10) using spark light sources. Droplet velocities
are difficult to measure except by successive exposures on the same film
frame. This presents a very difficult problem in the analysis of the re-

sulting photograph.

The intensities and durations of light pulses from sparks are such
that fast films must be used with very active developers. The image will
usually be degraded under these conditions. The light sources now being

used are lasers which provide very high intensity light over extremely

short durations. This, of course, offers the possibility of overcoming




some of the previously mentioned limitations to making droplet shadow-
graphs. This higher intensity light source becomes especially important
in a combustor environment where it is necessary to overcome the combustion

light in order to properly illuminate the droplets under study.

3.4 LASER HOLOGRAPHY

The literature survey on holography covered the period from the
year 1939 to the present. The task was greatly facilitated by a number
of excellent surveys already completed, the best of which was by the
Physical Society of Japan on behalf of their members. This very complete
survey is a bound volume containing 35 selected reprints of the most
important papers on holography, along with a listing (by year) of a total of
235 papers. In this country an excellent survey was conducted by R. P.
Chambers and J. S. Courtney-Pratt for the Bell Telephone System as their
Monograph 5185. This survey was also published in the Journal of the
SMPTE: Volume 75, pp. 373-435, April 1966; Vol. 75, pp. 759-809, August,
1966; and Vol. 76, pp. 392-395, April 1967. This search lists 420 dif-

ferent articles and presents abstracts of most all the listed papers.

Another compilation was obtained from England: The Atomic Weapons
Research Establishment, Aldermaston, England. It was compiled by L. Corvett
and contains a listing of 208 unclassified papers, and gives papers pub-
lished on the continent. Other surveys were reviewed, but were essentially
redundant to the three cited above; for example, one by Tomiyasu, IEEE
Journal of Quantum Electronics, Vol. QE-2, No. 6, June, 1966.

A computer survey was made (at TRW request) by the Documentation
Center for Scientific and Technical Information, Cameron Station, Alexan-
dria, Virginia. The first level of the search was keyed to the words

holograms, holography, and lasers. The second level of the search included

aerosols, combustion, droplets, fog, mist, particles, and rocket motors.

The third level of the search encompassed measurements, measuring devices,

test equipment, and tests. The search served as an interrogation of the

classified and unclassified government literature. It uncovered no
materials which had not been listed in the above cited unclassified surveys.

The search did serve to make available the means of obtaining government




reports. Of importance were the reports published by the University of
Michigan (Ann Arbor), the University of Texas (Austin) and Technical
Operations (Burlington, Mass.). A similar survey was requested from NASA,

but this has not yet been received.

The survey has resulted in a bibliography of 336 different papers on
the subject of holography and holographic techniques. The assembled bibli-
ography is in a card file at TRW Systems and will be updated periodically.

The question of the application of holography to the measurement of
fogs, sprays, etc., and the resolution of the technique is not answered
clearly in any of the papers. One cannot cite a single paper which defi-
nitely claims specific tests of resolution. Part of the problem enters
with the fact that the resolution is limited by the wavelength of light
itself. When one attempts to make measurements in this range, one is
beset with difficulties. The other problem is that of coherent light itself
and the fact (still not appreciated by all) that it limits resolution over
that of incoherent sources. Starting with Gabor's basic papers, there are
28 papers and reports which deal with the measurement of small distances and
particles via holographic technique. These are listed in the bibliography
under Holography.

A paper by Kirkpatrick, et al, (Reference 13) describes the recon-
struction of 10 micron lines from holograms recorded with filtered light
from a zirconium arc. This paper is important in that it was written be-
fore the advent of the laser. The filtered zirconium system meant that
exposure times were of the order of 10 minutes so the paper was only of
pedagogic interest. There are 14 papers listed by the group at Technical
Operations Research, Burlington, Massachusetts, which deal with Gabor or

"line-holograms" made with the pulsed ruby laser. In essence, these papers

tout the virtues of holography to deal with particles distributed over

large volumes. They also report on the reconstruction of particles of the
order of 30 micron size, but do not make a specific claim at the ability
to approach the ultimate in resolution. The Technical Operations approach
also uses lenses in the recording of their holograms which aids in the

retrieving of resolution, but also limits the recorded volume.




The paper by Denisyuk of Russia (Reference 14) reported upon the re-
construction of 10 micron lines from holograms made with the filtered
radiation from a mercury vapor lamp. The paper alsc contains a general

discussion of the effect of emulsion thickness on the reconstructed images.

Of the many papers and books published by G. W. Stroke, only one paper
(Reference 15) and his book (Reference 16) are cited in the present survey.
The paper shows the reconstruction of a fly's wing, but does not cite any
values of measured resolution. The book is equally vague on the subject.
Of the many papers written by E. N. Leith and group, two deal with the
subject of holographic microscopy and resolution (References 17 and 18).
Like Stroke's papers, both discuss the theory of the process, what might
be expected, the role of the film, etc., but neither gives much in the line
of experimental evidence. Again, the difficulty of the measurement is one
of the reasons for making the test, particularly when all the aspects of
this new field are just being discovered. The paper (Reference 17) pre-

|
sented at the Optical and Electro-Optical Information Processing Symposium i

showed the reconstruction of bars separated by 7-10 microns.

Of the work on microscopy at TRW Systems, two papers are cited. ﬁ
One has been published in the open literature (Reference 19) and described |
the reconstruction of small plankton from Gabor holograms made with a Q- i
switched ruby laser illuminator. The paper emphasized the depth of field _
capabilities of holography, but like the other ones cited, did not make {
a statement on resolution. The final report under contract AF 33(615)-1035 |
(Reference 20) contains a long discussion on holographic microscopy and {
gives examples of reconstructions of objects of the order of 3 micronms in |
size from Gabor holograms. The results have not as yet been published in

the open literature.

The other work at TRW Systems with the two-beam holocamera des-
cribed in this report cited the achievement of resolution to 20 microns
(Reference 21). One of the problems which one has with coherent light is
the granularity effect which is also a diffraction phenomena and within

which phenomena can hide. Reference 20 discusses this problem in some
detail. ‘




The work at the University of Texas (References 22-25) and at the
American Optical Company (Reference 26) has been concerned with the aiding
of a conventional microscopy with a hologram. In this way, one gains a
little over the depth of field of the microscope objective as well as
being able to make interrferometric measurements. Resolution is then
limited by the objective lens (which is close to ultimate) rather than by
the holographic prccess. Resolution cited by Carter and Van Lichten has
been of the order of 1 micron or slightly less and is limited by the numer-

ical aperture of the observing lens.

In brief, the problem and question of resolution has not been com-
pletely settled. First, there is the problem of coherent light and the
"everywhere-diffraction problem" or "granularity effect”" which this
creates. Next, there is the numerical aperture or ratio of the limiting
aperture of the hologram and distance of the event. Finally, there is
the problem of testing and proving resolution. In general, the results
to date are encouraging in the sense that resolution of the order of 10
microns has been found. To test to higher levels of resolution demands

the clear formulation of a need.

On the problem of transmission through fogs and mists, none of the
available literature has addressed itself to this question. The group at Tech-
nical Operations has centered its work around a device that measures par-
ticles in fogs (Reference 27). In general, their work has been concerned
with rather static phenomena. No comparisons have been made of holograms

of fogs versus that of directly illuminated fogs.

As a means of discriminating between simulated fuel and oxidizer
streams, one immediately thinks of color holograpﬁy. Much work has been
done in this field using continuous wave gas laser sources. The most re-
cent article is that cited in Reference 28. Continuous wave lasers are
of too low power for the holography of action events. In a different
section of this report, some preliminary work on two-color holography by
doubling the radiation of a ruby laser system is discussed. Tests con-
ducted at this laboratory over a year ago were successful, but these were
not reported in the open literature. The work is starting again, under

sponsorship of the present program.
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The University of Wisconsin has described some work on the use of

fluorescent photography, or fluorescent measurement using a pulsed ruby

laser as the exciting source. This work (Reference 12) was discussed in

Section 3.3.4 of this report and would seem to offer some potential with

regard to the study of mixture ratio determination using propellant simu-

lants. Ultimately, it may be possible to apply the technique to reacting

propellants as indicated previously.

The proposed measurement of liquid rocket engine combustion phenomena

under actual firing conditions has been described in a proposal submitted

to the Jet Propulsion Laboratory of Pasadena, California (Reference 29).

One of the most important pieces of evidence was the holography of a

white hot zirconium particle, done as a part of work for the Sandia

Corporation. The holography of the z!irconium particle was described in

the proposal to the Jet Propulsion Laboratory as well as in a talk pre-

sented before the Optical Society (References 29 and 21, respectively).

3.5 SUMMARY AND CONCLUSIONS

The various small droplet measuring techniques considered during the

Phase I literature review are summarized in Table I. Comments or ratings

are given with regard to

program objectives, relative cost factors, and

significant advantages and disadvantages.

It is apparent that
will simultaneously meet
the introduction to this
for one or more reasons.
with drop size is either
be questioned. In other
mined, or an undesirable

the measuring technique.

One point that must
bustion environment of a

cannot duplicate the gas

none of the seven droplet measuring techniques

all of the long-term program objectives cited in

section. All of the techniques may be criticized
In some instances, the functional relationship

complicated or based upon assumptions which may

cases, the accuracy of the method cannot be deter-

physical disturbance of the spray is produced by

be kept constantly in mind in modeling the com-
rocket thrust chamber is that cold flow studies
velocity environment. Within a few inches of the

injector face, gas velocities of several hundred feet per second are typi-

cal, with still higher values being reached as the nozzle 1is approached.
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19




For this reason, and the fact that in all but the largest engines the major-
ity of the combustion occurs in these same firat few inches, the droplet
history of all but the largest droplets takes place in this vital region

near the injector. To place probes or windows to observe cold flow events

P

at distances of a foot or more downstream is unrealistic from the standpoint
of modeling the true droplet events occurring within a liquid rocket com-

bustor.

Of the several evaluating criteria, the potential application of a given
technique to the hot firing situation is considered one of the most important
factors. Droplet studies and theories developed around cold flow models must

ultimately be verified by examining the combusticn process in a rocket engine.

Those techniques which are not applicable to hot firings are, therefore, less
desirable.

From the literature survey results, there appear to be two techniques
which show promise of meeting (or at least approaching) the program long-
tern objectives. These techniques are direct photography (using either a
spark source or laser illumination) and holography. Direct photography has
been used for many years. Its usefulness or versatility is largely rcstricte-
ed by the intensity of the light sources available. Potential improvements
in spark intensity and the advent of the laser give promise of extending

the limits of this technique.

The application of holography to the study of small droplets is entirely
feasible. Holographic techniques can provide resolution to 10 microns or
less. It is also feasible to apply this technique to the study of combus-
tion phenomenon as well as cold flow determinations. One of the most valuable
features of holography is the fact that one may capture events taking place
in a scene-volume rather than a two-dimensional plane, as with conventional
photography. The holographic record may subsequently be reconstructed and
examined with any desired optical instrument or simply with the human eye.

In the case of droplet spray patterns, the drop formations and size distri-
butions may be examined at any plane within the recorded scene. In effect,
a three-dimensional model may be constructed of the droplet distributions

within a given flow pattern. Further, this data may be obtained from one

test rather than a series of repetitive tests.
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4. EXPERIMENTAL STUDIES

4.1 PHASE I OBJECTIVES

During Phase I, experimental work was conducted in the areas of droplet

detection and data reduction to support end augment the literature survey

activities. The objectives established for the Phase I experimental studies

were as follows:

a) Make approximately 10 holograms of a like-on-like impinging
stream element

b) Attempt a two-color differentiating holography technique that
will detect mixture ratio distributions within a droplet
spray pattern

c¢) Conduct spark photographic studies of the single element
injector used in the holography tests

, d) Demonstrate feasibility of the computer-based densitometer
data reduction technique

A discussion of the work accomplished in each of these areas is pre-

sented in succeeding paragraphs.

4.2 HOLOGRAPHIC STUDIES

Thirty-six-holograms were made during the Phase I effort. The equip-

ment used, experimental procedures and test results of this work are presented

in the following sectionms.

4.2.1 Water Flow Apparatus and Operation

Two injector elements were used in the cold flow holcgraphy experimen-

tation. The elements tested were furnished by Princeton University. The

photograph of Figure 4-1 and drawing of Figure &4-2 illustrate Princeton in-

jector element serial number JP4M-232A. The companion Princecon injector,

serial number JP4M-242A, is of similar configuration. Both injector elements

consisted of two side-by-side impinging stream flow circuits. The internal

geometry of these like-on-like injector flow passages is shown in the cross-

sectional detail "A-A" of Figure 4-2. This cross section is typical for both
flow circuits within the injector element body. The side-by-side flow

passages may be flowed separately or simultaneously as desired. The nominal




Figure 4-1

Close-up view of Princeton University
like-on-1like injector elements. Im-
pingement is at a 90-degree included
angle with a zero impingement distance.
Stream impingement takes place within
counterbored holes in the injector
face.
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Figure 4-2. Schematic of like-on-like impinging stream
injector element used for preliminary
holography studies.
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design and operating characteristics of the elements are as follows:

Orifice diameters 0.059 inch
Impingement angle 90 degrees
Water flow rate 0.165 1b/sec
Przssure drop 100 psi

The curve in Figure 4-3 shows the relationship of water flow rate versus

pressure drop for both Princeton injector elements.

Initial holography studies were made by flowing water through only one
of the two impinging like-on-like flow circuits of injector serial number
JP4M~242A, Subsequently, injector serial number JP4M-232A was also studied.

Holograms of single and dual flow conditions were made.

The injectors were installed in the water flow system shown in Figures

4-4 and 4-5. This system consists of a water supply tank, burst disc assembly,

10 micron filter, manual and solenoid-operated shutoff valves and the test
spray element. Arrangement of these components is shown in the schematic

diagram of Figure 4-6.

A regulated GN2 supply in the laboratory was used to pressurize the
distilled water feed system. The tank shown has a 1000 cubic inch volume
and a maximum working pressure of 400 psi. Prior to installation in the
test rig, the tank was subjected to a proof pressure test at the allowable
working pressure of 400 psi to confirm structural integrity. A burst disc
assembly rated at 195 psi was installed between the tank and the GN2 supply

to prevernt tank overpressure in the event a gas regulator should fail.

4.2.2 Laser Illuminator Description

The ruby laser illuminator is conventional and consists of an oscil-
lator followed by two power amplifier stages. The system emits a single
pulse of light of 0.64 micron wavelength of approximately 0.1 microsecond
duration and of approximately 3 joules content. The ruby laser oscillator
is described in a paper published in the scientific literature (Reference
30). It contains the following key components: namely, a 1/2-inch diam-
eter by 3-3/4-inch long Czochralski grown 60° oriented ruby laser rod of

high homogeneity, an internal aperture, an air space Glan polarizing prism,
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Figure 4-3. Water flow rate versus pressure drop for Princeton
University injector test elements.
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Figure 4-4.

Side elevation of water flow feed system mounted on a portable
rack. Test injector element is shown in lower left-hand por-

tion of photograph.
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Figure 4-5. Close-up view of water flow system showing tank, pressure gage
and solenoid-operated shutoff valve. Test injector element .
may be seen in background.
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a nitrobenzene Kerr cell, a 99 percent reflecting dielectric coated flat,
and a highly parallel 1/8-inch thick sapphire flat. The latter item is
known as a resonant reflector, which, with the dielectric coated flat, com-
prise the optical resonator of the laser oscillator. The other cited com- A
ponents are mounted between these two elements. The beam from the oscillator
passes through the resonant reflectors and is expanded by a Gallien tele- .
scope so as to completely fill the cross section of the 1/2 x 3-3/4 inch

laser rods in each individual amplifier housing. The amplified beam is

then further expanded by a second telescope and directed into the "holo-

camera". This latter device acts to compensate the limited spacial and

temporal coherence of the radiation ruby laser illuminator (Reference 31).

4.2.3 Holocamera

The holocamera which is in existence at TRW Systems is special in
the sense that it was designed to produce pulsed laser holograms with an
extremely wide range of viewing angles. It is referred to as a "focused
ground glass holocamera'" to distinguish it from others of simpler and less
sophisticated design. A schematic of the device is shown in Figure 4-7. The
beam from the laser illuminator is incident upon an optical wedge beam splitter
which divides the beam into three beams: namely, a reference beam reflected
from the first surface of the wedge, a photocell beam from the second surface
of the wedge, and a scene beam, transmitted directly through the wedge. The
reference beam, after being reflected from two front surface mirrors, was
directed into a beam inverter. The beam inverter consisted of a prism cluster
from a pair of binoculars. The beam was then diverged by a simple double con-
cave lens of approximately -22 cm focal length. The focal length was chosen
so that the diverged beam just filled the skew mounted standard 4x5 inch glass
photographic plate. The beam reflected from the back surface of the wedge
was incident on a mirror and directed onto a piece of frosted glass placed
before a biplanar photodiode. A variable aperture was placed before the
photocathode to adjust the amount of light directed upon the photocathode
and the magnitude of the photoelectric pulse. The current pulse from the
photodiode was displayed by a rraveling wave oscilloscope having a resolution

of 0.3 nanosecond.
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The "scene beam" or beam which passes directly through the wedge beam
splitter was diverged by a second negative lens of the same focal length as
the lens in the reference beam path. The diverged radiation was reflected
off a mirror and spread across a ground glass diffuser. The angle of inci- 5
dence onto the diffuser was the same as that of the reference beam across .

the hologram plate.

The ground glass screen was followed by a second plate which was fabri-
cated with a prismatic cross-section. This plate served to refract the diffuse
scene beam down the axis of the large lens system. The focusing system con-
sisted of two pairs of large standard condensing lenses. The intermediate
pair acted to focus the light scattered by the ground glass onto the 4x5 inch
glass photographic plate. A second pair of lenses, in close proximity to the i
prismatic plate, acts as a pair of field lenses serving to direct a larger
fraction of the scattered light into the pair of focusing lenses. They also
serve to compensate for the increasing optical path length at increasing

distances from the axis of the focusing system.

If one traces a ray from the laser, one will find that, after being divided
by the wedge beam splitter, the two rays combine with themselves in the photo-
graphic plate and that both of the rays have traveled over the same optical
path length. The accuracy of the alignment of the focus of the lenses, the
superposition of the scene and reference beams at the recording plate, and
the match of the optical path lengths are all determined by spacial and tem-
poral coherence of the ruby laser illuminator. 1In general, it has been found
that for maximum quality holograms the beams should be superimposed to within
10 percent of their cross-sectional area, and the path lengths should be
matched to within a centimeter. Photographs of the holocamera apparatus are

shown in Figures 4-8 and 4-9,

4.2.4 Test Procedure

The injector test elements were connected to the water flow stand and
positioned within the holocamera scene volume. Initially, only one side
or flow passage of the Princeton University injector element was utilized
since the feasibility of basic droplet detection was the only objective of
these tests. As such, the spray pattern produced was adequate for equip-

ment checkout and early demonstrations. Subsequently, holograms were made

with both sides of the element flowing.
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Figure 4-8. Photograph of the arrangement used to holograph water
spray patterns. The water flow system is in the back-
: - ground. Some of the components of the holocamera are
seen in the foreground. The injector is within the
scene volume of the holocamera just vefore the plate
holder.
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To expose the film plate, the coil on the solenoid shutoff valve of
the water flow system was connected to the input of a Tektronix 545 oscil-
loscope. The 150-volt saw-tooth output from the oscilloscope was connected
to the input of a second Tektronix Type 555 oscilloscope. The first oscil-
loscope was set to sweep in one-half second. By adjusting the sensitivity
of the trigger of the second oscilloscupe, one could control when the
laser was fired relative to the opening of the valve on the water flow
system. The second oscilloscope was used to control the firing of the
Kerr cell ruby laser illuminator.

Holograms were made of spray patterns of the Princeton elements at
pressures of 50, 75, 100, 150 Ibs/inz across the injection orifices. This
resulted in the following flow conditions:

an inj "HZO vstren

{psi) (1b/sec) (£t/sec)
50 0.115 86.2
75 0.141 105.5
100 0.162 121.9
150 0.200 149.3

The holograms were recorded on Eastman 649F plates, developed in HRP
developer (development time was typically 8 minutes), rinsed in water, and
fixed. After the holograms had been developed and dried (in air overnight),
they were available for study and recording. Photographs of the hologram

reconstructions are presented and discussed in the succeeding text.

4.2.5 Reconstruction Apparatus and Procedure

The reconstructing arrangement is shown in Figure 4-10. Holograms
were mounted in a frame holder before the output of a Model 124 Spectra
Physics helium neon-laser. A bellows copy camera with a 150 mm focal length
Schneider lens (No. 5823045) was used to photograph the reconstructions of

the various droplet spray holograms.

Pictures were recorded on Polaroid Type 55 P/N film, typically S seconds
with the lens at £/5. In most instances, an image of one-to-one magnification
image was projected on the film. Photographs of the various recorded holo-

grams were taken at different camera positions relative to the best focus of
34
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the water spray pattern. The camera was moved appropriately to keep the
magnification of the in-focus image the same. Pictures were taken at dif-
ferent focal positions as well as different settings of the aperture on the

camera lens.

4,2.6 Discussion of Holographic Test Results

The first set of holograms made during Phase I used Princeton injector
element JP4M-242A. As indicated earlier, only one flow passage of the injec-
tor was utilized resulting in a single droplet spray fan. Typical examples
of reconstruction photographs made from these initial holograms are shown
in Figures 4-11 through 4-13., Figure 4-11 illustrates the droplet spray
pattern obtained with a pressure drop of 50 psi across the impinging stream
orifices. Three of the four photographs in this figure were taken with the
lens at f/5 and one with the lens at f/16, The greater depth of field ob-
tained with the lens set at f/16 is apparent in that the granularity phenomena
of the coherent light in the photograph background is more discernible. With
the lens set at f/5 (the remaining three photographs) the granularity of the

background is less noticeable.

In addition to the two different lens settings, the photographs differ
by the location of the fixed focus copy camera relative to the central plane
of the spray fan. A plane passing through the axial centerline of the injec-
tor body and resulting spray fan was arbitrarily designated as the 'zero"
centimeter reference. A plus one centimeter, then, indicates that the focal
plane is one centimeter beyond the ''zero" reference plane relative to the
observer. Conversely, a negative one centimeter indicates the focal pinne is
one centimeter away from the reference plane on the near side -- relative to

the observer.

Figures 4-12 and 4-13 illustrate the same sequence of photographs as
described for Figure 4-11, except that the injector pressure Jrop was estab-
lished at 100 and 150 psi, respectively. Examination of these three series
of reconstruction photographs reveals a rather typical droplet formation
sequence of events. The resultant flow emanating from the impinging streams

forms a coherent fan-shaped mass. This is followed by breakup of the fan

into ligaments and eventual further breakup and droplet formation.




£/16, 0 cm £/5, 0 cm

£/5, -1 cm £/5, +1 em

Figure 4-11.

Four photographs of the reconstruction of :the ruby laser
hologram of Princeton injector JP4M-242A operating with
vater at a pressure drop of 50 1b/in“. The pictures
differ by the lens aperture setting and the position of
the copy camera relative to the best focus of the fan.




£/5, ~1 cm

Figure 4-12.

£/5, +1 cm

Four photographs of the reconstruction of the ruby laser
hologram of Princeton injector JP4M-242A operating with

water at a pressure drop of 100 1b/in2,
differ by the lens aperture setting and
the copy camera relative to the best foc

The pictures
the positiocn of
us of the fan.




£/16, 0 cm £/5, 0 cm
£/5, -1 cm £/5, +1 cm

Figure 4-13. Four photographs of the reconstruction of the ruby laser
hologram of Princeton injector JP4M-242A operating with
water at a pressure drop of 150 1b/in2. The pictures
differ by the lens aperture setting and the position of
the copy camera relative to the best focus of the fan.
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Again reviewing the reconstruction photographs at the three flow con-
ditions (i.e., at pressure drops of 50, 100 and 150 psi), the increase in
droplet flux may be seen with the corresponding increase in flow rate. Com-
parison of the various photographs also suggests a finer degree of atomi-

zation at the increased flow conditions.

The series of photographs contained in Figure 4-14 ghows the reconstruc-
tion of a hologram made of the edge view of a test injector element spray
fan. In other words, the central plane of the spray fan was perpendicular ’
to the plane of the photographic plate. This hologram was made to give |
qualitative and preliminary indication of the droplet mass flow which tte
intense coherent light of the laser could penetrate. Photographs of the
reconstructed hologram were made at focal planes of up to 4 centimeters on
either side of the refarence plane. The arbitrary reference was a plane
passing through the axial centerlines of the impinging stream orifices and
the stream impingement point. It should also be noted that this hologram

was made at a pressure drop of 75 psi across the injector. ‘

Figure 4-14 illustrates the capability of pulsed laser holography to
capture a moderately dense droplet spray pattern as represented by the edge
view orientation of this spray pattern. Reconstruction photographs (lens
setting at f/5) taken at nine different focal planes across the spray fan

show distinct droplet dispersions at the respective locations.

After these experiments were completed, it was found that the laser
emission was low due to dust attracted to one of the Kerr cell windows
by its 19,000 volt quarter wave bias voltage. Cleaning of the window gave

shorter duration, higher amplitude pulses. For this reason, additional tests
were made since it was anticipated that better quality holograms would be
produced. Further, it was desirable to have a calibration device in the test
scene so that magnification of the reconstructed holograms could be closely
controlled. The results of this second test series are presented in the

example illustrations of Figures 4-15 and 4-16.

The photographs in Figures 4-15 and 4-16 are copies of reconstructed
holograms 7-26-67-5 and 7-26-67-8. The test element was Princeton injector
JP4M-232A. Water was emanating from both like-on-like impinging stream flow

passages in the injector. With this element, the resultant flow consists of

40

L -




= 5+ '$/3 w g+ ‘5/3  Z+ ‘s/3 e 1+ ‘s/3

*@3e1d oyydea8ojoyd ayl

3o sueTd ay3j o3 aeyndypuadiad sem uey ay3 jo aueld ay3 2sed STyl uy -erswed ALdod ay3

Jo 3up3las sual 3yl £q osTE ‘uej Y3l JO IIJUID aYy3 03 aajierax eiswed £dod snd03j paxy3
?Yy3 3JOo uorIed0T 3y3l £q I33ITP s2an3idid ayg *2UF/qT SL 30 doap aanssaad e e Bupjeaado
VIYZ-Rydl 303d3ful uo3aduragd ‘1-/9-%T~/ Wei80T0y JO UOFIONIISUOIAI 9yl 3jo sydeaBojoyg

w 0 ‘91/3 ® 1- ‘S/3 LW Z~ ‘G/3 w ¢- ‘G/3

*9T-9 2an81g

wd - ‘G/3

41




———

£/5, 0 cm

£/5, -1 cm £/5, +1 cm I

r= =

Figure 4-15. Three photographs of the reconstruction of a ruby laser
hologram showing Princeton injector JP4M-232A operating
with water at a pressure drop of 50 lblinz. Both sides
of the injector element were flowing, resulting in two

s side-by-side spray fans. The pictures differ by the
position of the copy camera relative to the two spray
fans.
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£/5, 0 cm

£/5, -1 cm £/5, +1 cm

Figure 4-16. Three photographs of the reconstruction of a ruby laser
| hologram showing Princeton injector JP4M-232A operating
i with water at a pressure drop of 100 1b/in2. Both sides
of the injector element were flowing, resulting in two
side-by-side spray fans. The pictures differ by the poa-
! ition of the copy camera relative to the two spray fans.




two parallel spray fans. The parallel fans are offset — one from the other -

approximately 1/8 inch.

The photographs of both Figures (4-15 and 4-16) were recorded on
Polaroid Type 55 P/N film at an f/5 lens aperture. The exposure time for
each film was 15 seconds. A clear plastic drafting scale (50 divisions to
the inch) was added to the original scene to provide a means of calibration
during reconstruction. The use of this type of scale turned out to be a
poor choice. The beveled edge of the scale refracted light away from the
photographic plate. Upon reconstruction, the edge of the scale showed up as
a dark band across the bottom of the copy photographs. Aside from this, the

quality of the holograms was excellent.

A comparison of the photographs in Figures 4-11 (discussed previously)
and 4-16 indicates the more dense dropleL flow conditions of the latter
figure where both sides of the injector element were flowing. In each case,
the elements were operating at a pressure drop of 50 1b/1in2. A similar
qualitative comparicon may be made between Figures 4-12 and 4-16. In this

instance, the injector was operating at a pressure drop of 100 1b/in2,

Figure 4-17 presents a series of reconstruction photographs of holo-
gram number 8-29-67-1. Only one side of Princeton injector element JP4M-232A
is flowing water. The pressure drop across the impinging stream orifices is
50 1b/in2.

Prior to making the hologram, a clear plastic plate with a scribed cali-
bration grid was placed within the test scene. The grid was composed of
1/2-inch primary divisions. The major x and y axes were subdivided into
10 divisions to the inch. This type of calibrating device proved successful

and demonstrates an approach which will be used in the future.

The quality of this particular hologram (8-29-67-1) was excellent.
Reconstruction photographs were (arbitrarily) taken at the "zero" reference
plane and at focal planes one centimeter on either side of the reference.
The fourth picture (in Figure 4-17) was made to bring the calibration grid

into sharp focus.

The photograph in Figure 4-18 shows the reconstruction of a hologram
made of the water flow characteristics of a significantly larger doublet
injector than the Princeton elements previously discussed. This particu-
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Figure 4-17.

£/5, 0 cn £/5, -1 ¢cm

£/5, +1 ca £/5, 41 ca

Photographs of the reconstruction of a ruby laser hologram
showing Princeton injector operating at a pressure drop of
50 1b/in2. ‘The pictures differ by the position of the copy
camera relative to the single spray fan. A calibration
grid was included in the original test scene.
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Figure 4-18. Photograph of the reconstruction of a ruby
laser hologram made of water flcwing from
a single element doublet. The orifice di-
ameters were .17 inch each at an included l
angle of 45°., Water flow rate was 1.2 1lb/sec.




lar injector element consists of two .17 inch diameter orifices aligned at
an included angle of 45°. The water flow rate (illustrated by the spray
fan in Figure 4-18) is approximately 1.2 1b/sec. This is an order of magni-

tude greater than the nominal flow rate for the Princeton elements.

For the discrimination between fuel and oxidizer simulants flowing in a
liquid rocket injector, a laser which emits at more than one wavelength is
required. One very potent possibility is the generation of light at twice
the frequency of the original laser light by the process of second harmonic
generation (Reference 32). This is done by passing the ruby laser output
through a crystal whose index of refraction or dielectric constant is pro-
portional to the instantaneous electric field intensity. The net result is
the production of light of twice the frequency. One crystal which has teen
successfully used is potassium dihydrogen phosphate (KDP). When properly
originated so that the primary red beam at 0.694 micron travels through the
crystal at the same speed as radiation of twice the frequency, the crystal
converts approximately 5-10 percent of the initial radiation into radiation
of 0.347 micron wavelength. For holographic considerations, the inefficiency
of the process is compensated by the fact that photographic films are actually
more sensitive in the ultraviolet (UV) region of the spectrum; particularly
the plates manufactured by Eastman Kodak Company with their 649F emulsion.
These plates have equal darkening or sensitivity for the approximatey 95 per-
cent residual of the 0.694 micron primary radiation as for the 5 percent of
the 0.347 micron doubled radiation.

Small Gabor holograms have been made at TRW Systemr with doubled
ruby radiation, but the work has been on a too sporadic basis for publica-
tion as a paper in the scientific literature. In essence, it has been demon-
strated that such holograms could in fact be made. This work has not gone as far
as to test the simultaneous manufacture of holograms made with both colors of
light. It was planned to report on the preliminary accomplishment of such
wvork in the present summary. The technique was to place the doubling crystal
just before the entrance aperture of the holocamera shuwn in Figure 4-7. A
Corning filter would be used to block the primary beam, thereby establishing
that there was sufficient energy to record a 4x5 inch UV hologram. The
hologram would then be reconstructed with the primary 0.48 micron blue line

from an ionized argon laser recently constructed at TRW Systems. The
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satisfactory production of such a hologram would lead to a hologram made
simultaneously with the red and doubled radiation. Reconstruction would
s then be with both ultraviolet and helium-neon lasers. Absorbing blocks
would be inserted in the scene to demonsirate the ability to discriminate
against ultraviolet opaque materials and vice versa. The time schedule for

this work was too brief, and as a result, the tests have not been completed.

4.3 SPAPK PHOTOGRAPHIC STUDIES

One of the objectives established for Phase I was the conduct of spark
| photographic studies at Princeton University which incorporated specific
system improvemernits. The studies were to be conducted to peimit direct

comparicon of this technique with that of pulsed laser holography in the

detection of small droplets.

The spark photographic studies have not been completed at this writing.
The unavailability of a proper Kerr cell to achieve a 50 nanosecond shutter- |
s ing of the light pulse precluded the completion of these tests. The Kerr
, cell which was to have been used for these tests had to be shipped to the
vendor (Electro Optical Instruments) for repair. Delays in the repair and
return of this unit ultimately forced postponement of the scheduled Phase I
spark photographic test program. °

The spark photographic equipment to be used for the intended experi-
ments is shown in Figure 4-19. In the work to date, preliminary checkout
of the equipment is complete including optical alignment of the components.
| The water spray element used in making the initial pulsed laser holograms i

has been returned to Princeton for use in the spark photographic work.

Testing could have been initiated without the Kerr cell; however, to
achieve exposure times consistent with making accurate measurements down to
the smallest droplet diameters (10 microns) under consideration, a 50 nano-
second light pulse was considered necessary. Spark discharge is normally
about 1 microsecond in duration. Spark photographic studies with spark

durations of this order have b/ 2n conducted in the past, and the results

are documented (References 10 and 33). For these reasons, it was decided

i to postpone the spark photographic studies until the Kerr cell could be
utilized.
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4.4 DATA REDUCTION TECHNIQUE 1

The achievement of a comparatively rapid and inexpensive data reduction

and processing technique is no less important to the study of droplet spray

phenomena than the realization of precise droplet detection systems. As a
result, considerable effort has been expended toward developing an automated
system involving a mechanical scanning device coupled to a suitable computer
program. The results of this work, which is being conducted by Princeton
University under a subcontract arrangement, are presented in the following

text.

4.4.1 Mechanical Scanning Device

In the coupling of a scanning device (electrical or mechanical) to a
computer, it is necessary to understand that computers have a& finite memory
capacity. Conversely, the output of nearly any scanning device approaches
infinity for long scanning tines. The automatic analysis of photographic

. records of droplet sprays must, therefore, be concerned with both the
scanning mechanism and the computer program.

The basic philosophy of the computer program is to record only droplets
and not blank film areas. In addition, there is always a problem of matching
scan records to determine the size of a droplet. The time required to com-
pute a matching base index should be kept small. This leads to a device

which will record several adjacent scans within one record in the computer.
In the current program. 20 scans per second was chosen for convenient oper-

ation.

A mechanical scanner (Figures 4-20 and 4-21) has been built to provide
a means of traversing a film record in a spiral manner (similar to telegraph

faceimile transmission). The Particle Analyzer and Traversing Mechanism can
move an oriented bundle of 20 glass fibers, each of 10 micron diameter, in a
spiral band in the axial direction. The movement is such that the first fibef
records information adjacent to the last fiber on the previous revolution of

the film drum. A precision screw and antibacklash gears are used to accom-.

plish this traverse. An assembly drawing of the scanning device is illustra-
’ ted in Figure 4-22. ‘
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The optics associated with the mechanism zre:

e Light-emitting diodes
e Film record of droplets
e Glass fibers
°

Light-sensing diodes

The light-emitting diodes, glass fibers, and light-sensing diodes are
mounted on the precision screw and therefore may be expected to remain in
alignment. The voltage output of the light-sensing diodes is then digitized
and entered into a computer, in this case, an IBM 1620 computer with special

modifications to allow the entry of such external digital information.
The specific components of the Traverse Mechanism are as follows:

Multi-ratio motor - Bodine 2202-2

Fiber optics array - 20 fibers, 10 microns each
Light sensors - Texas Instruments LS 600
Light-emitting diode - Texas Instruments XL Ol
Quartz tube to mount film

Lead screw assembly

Gear train

Each light sensor has its own output potentiometer for compensation of
different sensitivities to match ail 20 channels so that the computer does

not have to make the scale adjus’ments at a later time.

To scan a film, the negative is mounted on the quartz drum with a
fiducial mark to denote the rotation position. The light-emitting diodes
and scanner head are adjusted to the initial position. The computer and
scanner motor are then started, not necessarily even at the same time since
the fiducial mark will cause an automatic start of the computer recording

program.

Two design criteria were used based upon present equipment. These are:
1) The sampling rate which is limited to 400 samples per second (i.e., 20
samples/sec from each fiber) by the existing analog-to-digital converter;
and, 2) A 200 micron width of observation (20 fibers of 10 micron each).
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The following set of speci‘ications were then computed for 35 mm film:

Drum speed = 0.344 rpm

127 drum revolutions per negative

Motor speed = 0.25 rpm

Lead screw = 0.0357" or 906.78 micron/rev

L)

@

°

°

e Lead screw = 0.076 rpm
e 28.01 lead screw revolutions per negative

e Sampling time for a 35 mm negative = 6.2 hr
°

8.9 x 106 samples per negative (each sample = 100 square microns)

The slowest component in this system is the 400 sample/second analog-
to-digital converter. This is being used only as a feasibility study appa-
ratus. There are new analog-to-digital converters available to operate at
speeds several orders of magnitude above this. A factor of 20 increase in
speed would reduce the scanning time to about 18 minutes, even on the IBM
1620 computer. Newer computers can accept data at even higher rates and
can also be performing the data reduction at the same time through the use
of Input/Output (I/0) channels.

The most difficult aspect associated with the scanner mechanism con-
cerns the fabrication of the 20 carefully oriented glass fibers. Several
different methods have been attempted. One approach used hypodermic tubing
(0.006~inch diameter) as a conduit to protect the fragile glass fiber ele-
ments. A difficulty associated with that approach was that atmospheric dust
would clog some of the tube openings or interfere with the final arrangement

of the elements.

It appears now that the best mounting technique bypasses the conduits.
Instead, assembly is begun by laying the fibers side-by-side and bonding
them together at the "film end”. Then five elements arc separated at a time
and are threaded through the sensor board until the four rows are completed.
Based on the experience gained from the early partial assemblies, it is
anticipated that the present technique will yield an easily handled assembly.
Following satisfactory assembly, the fiber array will be calibrated by use
of Moire patterns and a grating replica.
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The processing of this stored information is done by reading back into
the memory the four sets of 20 scans and making several decisions at the
time. An increase of more than one time unit in the time of scan indicates
that the previous droplet has ended. Then, three classes of droplet posi-
tions must be determined. It follows that (in the scdnning process) the
droplet could run into the right edge of the scaun, the left edge of the
gcan, or be entirely contained within the 20 samples. Obviously, the last
case is easiest to solve and is done in a very simple manner. The diameter
is computed from an area by an approximation (with less than a 2 percent
error) termed the equivalent diameter. The equivalent diameter = ;é

where A = 11 x sum of intensities.” If = is approximn%ed as 22/7, then the

equivalent diameter is D = \[14 x sum of intensities. The square root is
done as an approximation plus one iteration by Newton's method. This is very

fast and only requires a small fraction of the total computing time.

If a droplet image extends beyond the right side of the 20 fibers, then
some informution about that image must be stored for use in the next scan
analysis. The information necessary is the current sum of intensities,
current diameter, the time value at the center, and a special parameter
for record destruction as diameters are determined. If a droplet image
extends to the left of the first fiber and terminates in the 20 scans,

analysis of stored data from previous scans is done.

To date, a set of cards with simulated droplet data has been generated
for the purpose of checking the computer program. Cliecks have been run with
this system and have been successfvl. The program, incidently, is currently
written in FORTRAN which will probably be too slow for production analysis.
The FORTRAN may be easily converted to 1620 machine language for increased
speed and capacity.

4.4.2 Computer Analysis

The computer analysis is accomplished in two steps, which are recording

and then analysis. The IBM 1620 computer has a disk file (1311) for ex-

* Storage in the computer is on a 0-9 light intensity gradation scale so

that droplets out of focus (and hence gray on the negative) can be elimi-
nated in the resulting analysis.
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ternal storage of data. This disk file can hold 2 x 106 digits or approxi-
mately 25 percent of the total number of samples on a 35 wa film. However,
since we are only storing non-blank film areas, the 2 x 106 digits are more
than adequate for recording an entire 35 mm frame. The record format on the
disk requires that four scans of all 20 fibers be accumulated before one
record is written onto the disk. Associated with each scan of 20 fibers is

a time (equivalent to position) which is used to identify the x-y coordinates

of the scan.
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5. CONCLUSIONS

Of the various techniques evaluated, the application of pulsed laser
holography to small droplet detection appears to offer the most promise of
ultimately meeting program objectives. The feasibility of using this tech-
nique to record cold flow droplet dispersions was demonstrated during the
Phase I test program. Further, it is realistic to assume that pulsed laser
holography is potentially applicable to rocket engine combustion studies.

The limitations associated with laser holography in precisely resolving
very small droplets in a dynamic event, or in making such measurements in
extremely high droplet flux levels remain to be determined experimentally.
There are some indications in the literature that 10 micron resolution is
entirely possible. Published results, however, cannot be totally related
to the requirements &nd objectives of this program. For this reason, ad-
ditional test work is required to establish ultimate resolution of static

and dynamic particles or droplets.

The capability of determining mixture ratio distributions present in
a cold flow spray, using holographic techniques, appears possible. A pre-
liminary study has indicated potential; however, it must be reduced to a

practical state before evaluation is made.

Of the other six droplet detection techniques considered, all but one
was concluded to be unacceptable when evaluated i:gainst the program objec-
tives. Primarily, the various methods were found to: 1) not be capable of
resolving droplets down to the 10 micron size range; 2) not be applicable
to the hot firing situation (considered very important); and, 3) be too re-
strictive in the method of conducting the test or in the propellant simu-

lants utilized, to be of practical importance for this program.

The single exception to the above comments is the employment of an
improved spark photographic technique. Spark photographic methods have
been successfully used in previous droplet studies. With improvements in
the spark intensity, this technique may be considered an alternate to

pulsed laser holography. Since t.ae method employs conventional photography
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(wvhether the light source is produced by a spark discharge or a laser),
prior selection of a point or a plane of interest within the event under
study is required. It does not have the inherent capability of holographic
methods which record the three~-dimensional features of an event taking
place within a scene-volume. In this respect, spark or laser illuminated

photography does not have the versatility of pulsed laser holography.

The task of economically reducing large quantities of droplet data
is considered equally as important as that of initifal data acquisition.
Further, the data reduction system should be compatible with the primary
drop detection method if the entire process is to be automated. After a
review of the literature, it was concluded that the Partic'~ Analyzer
concept being developed by Princeton University offers the most potential
of satisfying the objectives of this program.

The other methods available were either not compatible with holo-~
graphic or photoiraphic techniques, or did not provide the desired speed
or the required accuracy in the small droplet size range (to 10 micron
diameters). The Particle Analyzer system will be capable of accurately
measuring 10 micron droplets recorded on a 35 mm film record. Ultimately,

the use of suitable analog-to-digital conversion equipment will allow the

scanning of a complete 35 mm film in 18 minutes or less.




6. PHACZ: II OUTLINE

The following outline is submitted as a fulfillment of the requirement
of Appendix "B" to Exhibit "B" of Contract F04611-67-C-0105. The outline
shows, for consideration, a series of tasks to be accomplished during
Phase II of the Small Droplet Measuring Technique Program. The outline of
work suggested for Phase II is to be considered as preliminary. Final

definition of the tasks will be presented in the Phase II Program Plan.

I. Pulsed Laser Holography Studies

A. Determine limits of droplet size resolution
1. Establish calibration procedure
2. Establish standard test conditions

B. Demonstrate capability to measure droplets at various locations
1. At any point across a 6-inch diameter injector

2, At any point axially from the injector face onward

Investigate feasibility of distinguishing local mixture ratio
conditions

Determine droplet flux level limitations with regard to detecting
and measuring individual droplets

Investigate and compare several types of injector elements at
various operating conditions

II. Improved Spark Photographic Studies

A. Determine limits of droplet size resolution

B. Investigate droplet flux level limitations with regard to
detecting and measuring individual droplets

1I1. Data Reduction Studies

A. Continue buildup of particle analyzer and traversing mechanism

B. Demonstrate feasibility of computer-based, fiber optics data
reduction technique
1. Conduct calibrations
2. Reduce samples of hologram reconstruction pictures
3. Reduce samples of spark photographic studies
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